Infrared OH lines at 1.5 -1.7 µm in the H band were obtained with the NIRSPEC highresolution spectrograph at the 10m Keck Telescope for a sample of seven metal-poor stars. Detailed analyses have been carried out, based on optical high-resolution data obtained with the FEROS spectrograph at ESO. Stellar parameters were derived by adopting infrared flux method effective temperatures, trigonometric and/or evolutionary gravities and metallicities from Fe II lines. We obtain that the sample stars with metallicities 
Introduction
Oxygen abundances in metal-poor stars are a key information for understanding the early phases of Galactic chemical evolution. Very few data on oxygen abundances are available for stars with metallicities around [Fe/H] ≈ -3.0, and results obtained from different lines are often discrepant.
The infrared (IR) X 2 Π vibration-rotation transitions of OH lines in the H band were first used in halo stars by Balachandran & Carney (1996) for the dwarf HD 103095, having derived [Fe/H] = −1.22 and [O/Fe] = 0.29. Balachandran et al. (2001 Balachandran et al. ( , 2002 and Meléndez et al. (2001) presented new oxygen abundance determinations in metalpoor stars, from OH lines in the H band. Their [O/Fe] values tend to show agreement with those derived from [OI] lines in the metallicity range -1.0 < ∼ [Fe/H] < ∼ -2.5; three among the four analyzed stars of lower metallicities give higher values.
The oxygen abundance determination using IR OH lines may solve the problem of disagreement between the values obtained from different oxygen 1 Observations carried out with the Keck Telescope within the Gemini-Keck agreement, and at the European Southern Observatory abundance indicators. The IR OH lines in the H band of the first overtone have measurable intensities down to [Fe/H] ∼ -3.0 for giants with effective temperatures T eff ∼ 4500 K, and [Fe/H] ∼ -3.5 for T eff ∼ 4300 K, whereas for dwarfs the lines are stronger, and with effective temperatures T eff ∼ 4500 K, stars of [Fe/H] ∼ -3.5 could be measured. Otherwise only the fundamental transition lines at 3.5 µm, in the L band, are measurable. (The difficulty with these latter lines comes, however, from the thermal background and lower sensitivity of the instruments.) The relative intensity of the OH lines in the L and H bands can be seen in Hinkle et al. (1995) for Arcturus, and for the Sun in Livingston & Wallace (1991) , in which only the L-band lines are seen.
IR vibration-rotation OH lines tend to form in LTE, whereas the electronic transition UV lines tend to form in non-LTE (Hinkle & Lambert 1975) . Non-LTE effects in the formation of OH will affect both sets of lines, according to Asplund & García-Pérez (2001, hereafter AGP01) .
In the present work we use IR OH lines in the region 1.5 -1.7 µm in order to derive oxygen-toiron ratios for a sample of seven metal-poor stars, most of them in the metallicity range -3.0 < [Fe/H] < -2.0.
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In Sect. 2 the observations are presented. In Sect. 3 the detailed analyses are described. In Sect. 4 the results from IR OH lines are discussed, and in Sect. 5 conclusions are drawn.
Observations

Data Acquisition and Reduction
High-resolution infrared spectra were obtained from images taken at the 10m Keck Telescope, using the NIRSPEC spectrograph (McLean et al. 1998) . FWHM resolutions of 37,000 were achieved with theéchelle grating, with a 2-pixel slit width. The detector is an Aladdin 1024x1024 InSb array, covering essentially all the H band in the range 1.5-1.7 µm, apart from small gaps (0.008 µm) between the orders.
Each star was observed at two slit positions with the same integration time. A final flatfield and a dark image were prepared by the Gemini/Keck team.
These infrared data were reduced using IRAF. The sky background was eliminated by subtracting the exposures from the sky obtained in the first/second exposures at the same position in the detector. Flat-field and dark corrections were applied. The orders were extracted with the task APALL. The wavelength calibration was carried out using the provided Ar-Ne-Xe-Kr lamp spectrum. Signal-to-noise ratios (S/Ns) of ≈ 150-400 were estimated from continuum regions and reported in Table 1 .
Optical spectra were obtained at the 1.52m telescope at ESO, La Silla, using the Fiber-fed Extended Range Optical Spectrograph (FEROS) (Kaufer et al. 2000) . The total spectrum coverage is 356-920 nm with a resolving power of 48,000. Two fibers, with entrance aperture of 2.7 arcsec, simultaneously recorded starlight and sky background. The detector is a back-illuminated CCD with 2948×4096 pixels of 15 µm size. Sample stars were reduced through a special pipeline package for reductions (DRS) of FEROS data, in a MI-DAS environment. The data reduction proceeded with subtraction of bias and scattered light in the CCD, orders extraction, flat-fielding, and wavelength calibration with a ThAr calibration frame.
The log of observations is given in Table 1 .
DETAILED ANALYSIS
The sample consists of six very metal poor giants and one dwarf of intermediate metallicity.
Effective Temperatures
Colors available in the literature were taken from the following sources: J, H and K in the TCS (Telescopio Carlos Sánchez) system from Alonso, Arribas & Martínez-Roger (1994 , 1998 ; Strömgren ubvy-β from the Catalogue by Hauck & Mermilliod (1998) ; V − R (Cousins) from McWilliam et al. (1995) ; and V − R, J, H and K from the General Catalogue of Photometric Data (Mermilliod, Mermilliod & Hauck 1997 ). Transformations between different photometric systems were calculated using relations given by Bessell (1979) , Bessell & Brett (1988) and Alonso et al. (1994 Alonso et al. ( , 1998 .
The reddening values of most stars, estimated by using the maps of reddening by Burstein & Heiles (1982) , were taken from Anthony-Twarog & Twarog (1994) . Otherwise, they were determined using maps by Arenou et al. (1992) and several high-Galactic latitude surveys, as implemented in a FORTRAN code by Hakkila et al. (1997) . The reddening E(B −V ) and the dereddened colors are given in Table 2 . Distances were determined from Hipparcos parallaxes (Perryman et al. 1997) for 2 stars; otherwise we used the same procedure as Anthony-Twarog & Twarog (1994) .
Effective temperatures T eff determined using the b − y, V − R, V − K and J − K calibrations of Alonso, Arribas & Martínez-Roger (1996a , 1999a are given in Table 3 . In this table are also shown infrared flux method (IRFM, column 7) temperatures, as determined by Alonso, Arribas & Martínez-Roger (1996b , 1999b . The mean of the IRFM calibrations (AAM99a,AAM99b), which are essentially the same as the IRFM determinations by AAM99b, are shown in column 8 of Table 3 . These mean values were checked against excitation equilibrium of Fe I lines. The temperatures based on excitation equilibrium of Fe I are in the mean 18 K hotter than the mean of IRFM temperatures. The small difference between Fe I temperatures and the IRFM temperatures is an indication that non-LTE effects are minor (Tomkin & Lambert 1999 Nissen et al. (1997) and Allende Prieto et al. (1999) have shown that LTE spectroscopic gravities are lower than trigonometric gravities derived from Hipparcos parallaxes in metal-poor stars. For this reason, Hipparcos parallaxes π were used to derive trigonometric gravities, when parallax values were available, which was the case for two stars. For the others, we derived the gravity by estimating their absolute magnitudes in colourmagnitude diagrams, using the calibrations by Norris et al. (1985) . These gravities are given in Table 4 . The same method was also applied to the stars of Meléndez et al. (2001) , since their parallaxes, and consequently their gravities, had large uncertainties. The revised evolutionary gravities log g and oxygen abundances are presented in Table 5.
Note that ionization equilibrium should not be used, given that Fe I lines show non-LTE effects (Thévenin & Idiart 1999) .
Metallicities
Equivalent widths of Fe I and Fe II lines for 5 stars (except for HD 134440 and HD 122956)were measured on high-resolution spectra obtained with the FEROS spectrograph at ESO. For HD 134440, we adopted equivalent widths from Ryan & Deliyannis (1998) , Tomkin & Fulbright (2000) , and for HD 122956, those by Sneden et al. (1991) and Fulbright (2000) .
We compare the equivalent widths measured from the FEROS spectra with those from the Lick Observatory. The comparison of 20 lines from FEROS with those from the Hamilton/Lick data by Sneden et al. (1991) gives δ(EW) = EW ESO -EW Lick = +0.1±0.7 mÅ (σ = 3.2 mÅ), and another 40 lines with Fulbright (2000) gives δ(EW) = EW ESO -EW Lick = +0.8±0.5 mÅ (σ = 2.9 mÅ).
MARCS model atmospheres by Bell et al. (1976) and Gustafsson et al. (1975) were used for the calculations of curves of growth and spectrum synthesis.
The adopted oscillator strengths for the optical iron lines are from Nave et al. (1994) On the other hand, gf -values of Fe II lines show a larger variation in the literature. We have adopted theoretical gf -values by Biémont et al. (1991) , calibrated with experimental data as follows: lifetimes of upper levels from Schnabel et al. (1999) , Schnabel & Kock (2001) , Guo et al. (1992) , Hannaford et al. (1992) , and Biémont et al. (1991) and branching ratios by Heise & Kock (1990) , Pauls et al. (1990) , and Kroll & Kock (1987) are adopted, and gf -values are computed. These values are gathered in multiplets, and corrections are applied from comparisons between the theoretical and laboratory values.
Curves of growth and abundances from equivalent widths of Fe I and Fe II were computed using the codes RENOIR and ABON by M. Spite. Microturbulence velocities v t were obtained from curves of growth of Fe I, and these values were checked by requiring no dependence of [Fe/H] against reduced equivalent width.
In Table 6 are given the Fe abundances derived from IRFM effective temperatures, trigonometric or evolutionary gravities, and curves of growth based on optical Fe II lines, and literature parameters for comparison purposes.
Oxygen Abundances
The oxygen abundances were determined from fits of synthetic spectra to the sample spectra. The LTE code for spectrum synthesis described in Cayrel et al. (1991) was employed for the calculations. In all cases, the [O/Fe] value was obtained by adopting IRFM temperatures, trigonometric gravities, and metallicities from Fe II lines (see discussions in Thévenin & Idiart 1999; AGP01) .
The list of atomic lines present in the H band compiled by Meléndez & Barbuy (1999) and Meléndez (1999) was adopted, together with molecular lines of CN A 2 Π -X 2 Σ, CO X 1 Σ + (Meléndez & Barbuy 1999) , and OH (X 2 Π). The IR OH vibration-rotation lines (X 2 Π) used in this work, from the first-overtone (∆v = 2) sequence, were described in Meléndez et al. (2001) . Energy levels for the OH lines were computed from molecular parameters given in Coxon & Foster (1992) and Abrams et al. (1994) . Molecular oscillator strengths were calculated from Einstein coefficients given by Goldman et al. (1998) , which are accurate to 10-15%, depending on the molecular quantum numbers, according to the authors.
The list of OH lines used for oxygen abundance determination together with their molecular gfvalues, energy levels, and equivalent widths are given in Table 7 . The fit of synthetic spectra of OH lines for HD 110184 is shown in Figure 1 .
The oxygen abundances derived show a dependence on the carbon abundances adopted. Carbon abundances were derived from the CH A 2 Π-X 2 Σ G band at ∼ 4300Å, from optical FEROS spectra, for five stars. Details on the atomic and molecular database used are described in Castilho et al. (1999) . The observed and synthetic spectra of the G band for HD 110184 are shown in Figure 2 . For HD 122956, the 1.56µm CO lines were used to derive its carbon abundance, whereas for HD 134440, the value given in Carbon et al. (1987) was adopted.
The carbon and oxygen abundances derived from IRFM T eff , trigonometric gravities, and [Fe II/H] are given in Table 8 .
The solar oxygen abundance has been recently revised by Holweger (2001) and Allende Prieto et al. (2001) . The main change in the solar oxygen abundance derived from the forbidden line is due to the presence of a Ni I line not considered before, and ǫ(O) = 8.74 was found by Allende Prieto et al. (2001) . Holweger (2001) gives ǫ(O) = 8.69 using several permitted lines. Note that the oscillator strength of the [O I] line adopted by Allende Prieto et al. (2001) is log gf = -9.72, 0.03 dex higher than previous values around log gf = -9.75, leading to lower oxygen abundances. Grevesse et al. (1996) reported ǫ(O) = 8.87, whereas Grevesse & Sauval (1998) give ǫ(O) = 8.83. The value from Allende Prieto et al. (2001) is obtained with threedimensional hydrodynamical model atmospheres, whereas if one-dimensional hydrostatic model atmospheres are used, a value of ǫ(O) = 8.77 is obtained. We adopted ǫ(O) = 8.87, and if ǫ(O) = 8.77 is to be considered, the oxygen abundances will be 0.1 dex higher.
Errors
The errors due to uncertainties on T eff , log g, and v t are inspected by computing the results for HD 110184. In Table 9 the errors for ∆T eff = 100 K, ∆log g = 0.5 dex, and ∆v t = 0.5 km s −1 are given.
Discussion
Reliability of the IR OH lines
OH is a trace component of oxygen abundances in stellar atmospheres, and its measurement is very susceptible to errors in the adopted temperature structure of model atmospheres (Asplund 2001 (Asplund , 2002 AGP01; Lambert 2002) . Using 3D hydrodynamical model atmospheres, AGP01 have demonstrated the extreme sensitivity of molecule formation and derivation of oxygen abundances in metal-poor stars relative to calculations with classical 1D hydrostatic model atmospheres and have shown that the oxygen abundance using the classical models may overestimate the derived oxygen abundance.
According to AGP01, for solar or moderate metallicities ([Fe/H] > -1.0), the temperature remains close to the radiative equilibrium value; however, at lower metallicities, the temperature in the outer layers departs significantly from it (Asplund et al. 1999) . Radiative heating occurs due to spectral line absorption of continuum photons coming from deeper layers. In metal-poor stars, adiabatic cooling dominates over radiative heating, and the effects of lower temperatures are first seen at the outermost layers, moving toward deeper layers for the lower metallicities. At log τ 500nm ∼ -3, the average temperature difference between 3D hydrodynamical and 1D hydrostatic models can reach 1000 K (AGP01).
AGP01 verified that OH lines in the IR, with similar line strengths as the UV lines, suffer from granulation abundance corrections just as severe. In Table 9 we give the equivalent widths (EWs) of the different OH lines measured: there is a clear increase in the oxygen abundance derived with increasing EW, as shown in Figure 3 . Given that the lower EW lines are more reliable, according to AGP01, we adopt an oxygen abundance resulting from a mean of the five weaker OH lines. It is interesting to note that the effect is stronger for the 4 most metal-poor stars.
Comparison with the literature
In Figure 4 The results from the [O I] line were selected according to their S/Ns, such that only results in which the EW is larger than 5 times the error were considered, and we used Cayrel's (1988) formula for the error on the EW δW λ ≈1.6(w×δx) 1/2 /-(S/N), where w is the FWHM of a typical spectral line and δx is the pixel size. In Figs. 5a- Figure 5a the results from different authors are indicated; for 26 stars, two or more different results are plotted. In Figure 5b giants (log g < 2.5, opencircles) and dwarfs (log g > 2.5, f illedcircles) are indicated, where the mean of values for the same star are considered, differently from Figure 5a , in which all values reported in the listed references are plotted. In Figure 5c the means of [O/Fe] values, as given in Table 10 , are plotted in bins of 0.2 dex in [Fe/H] , and the size of the circles represents the number of stars in each bin.
Oxygen abundances from IR OH lines at metallicities [Fe/H] < -2.2 show a trend to higher values, in agreement with chemical evolution models. The behavior is also similar to that shown by Sneden & Primas (2001 for [O/Sc] vs. [Fe/H]. Finally, it is important to note that mixing along the red giant branch could deplete the oxygen in giants, but the effect should be minor, as studied by Gratton et al. (2000) .
Conclusions
We obtained high-resolution infrared spectra in the H band in order to derive oxygen abundances from IR OH lines. In order to have a homogeneous set of stellar parameters, we carried out detailed analyses using equivalent widths of iron lines measured on high-resolution spectra from the FEROS spectrograph at ESO. We acknowledge partial financial support from FAPESP and CNPq. J.M. acknowledges the FAPESP postdoctoral fellowship 01/01134-3. We have made use of data from the Hipparcos astrometric mission of the ESA. This research is based on observations obtained by staff of the Gemini Observatory, which is operated by the Association of Universities for Research in Astronomy, Inc., under a cooperative agreement with the NSF on behalf of the Gemini partnership: The National Science Foundation (United States), the Particle Physics and Astronomy Research Council (United Kingdom), the National Research Council (Canada), CONICYT (Chile), the Australian Research Council (Australia), CNPq (Brazil), and CONYCET (Argentina). The IR data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California, and the National Aeronautics and Space Administration. The observatory was made possible by the generous financial support of the W.M. Keck Foundation. The FEROS observations at the European Southern Observatory (ESO) were carried out within the Observatório Nacional ON/ESO and ON/IAG agreements, under Fapesp project 1998/10138-8. Table 2 Colors Note.-Subscript J is for Johnson; subscript TCS is for Telescopio Carlos Sánchez Table 3 Effective temperatures (K) based on IRFM (Sect. 3.1) Table 7 ). Note.
-(a) From 1.56 µm CO lines; (b) Adopted from Carbon et al. 1987 
